Seven homo-or heterometallic uranyl ion complexes with 1,3-adamantanedicarboxylic acid (H2ADC) or 1,3-adamantanediacetic acid (H2ADA) have been synthesized under solvo-hydrothermal conditions in the presence of different counterions and organic cosolvents, and characterized by their crystal structure and uranyl emission spectrum. [PPh3Me][UO2(ADC)(NO3)] (1) crystallizes as a simple monoperiodic chain, but [PPh4]2[(UO2)2(ADC)3]2H2O (2) and [PPh4]2[(UO2)2(ADA)3] (3) display trough-like monoperiodic assemblies (assembled in pairs in 3) in the cavity of which the counterions are located. A similar arrangement is found in [Ni(cyclen)(H2O)][(UO2)2(ADC)3]H2O (4). Diaxial bonding of Ni II in [(UO2)2(ADC)2Ni(R,S-Me6cyclam)(HCOO)2]CH3CN (5) and [UO2(ADA)2Ni(R,S-Me6cyclam)] (6) results in bridging monoperiodic uranyl-containing subunits into neutral, diperiodic networks. [UO2(ADA)(DMPU)]
Introduction 1,3-Adamantanedicarboxylate (ADC 2-) and 1,3-adamantanediacetate (ADA 2-) are two closely related ligands, both possessing the rigid and bulky adamantyl skeleton and differing by the larger breadth and higher flexibility of the latter. Although both ligands are rather common in coordination chemistry generally, with 135 and 95 examples of structures containing ADC 2and ADA 2-, respectively, reported in the Cambridge Structural Database (CSD, version 5.40 [1] ), their use in uranyl coordination chemistry, and in particular in the design of uranyl-organic coordination polymers and frameworks, [2] is quite recent, and only 12 and 10 crystal structures are known for ADC 2and ADA 2-, respectively [3] [4] [5] [6] [7] (concerning the larger class of actinide complexes, only two additional thorium(IV) complexes are known [8] ). ADC 2has been shown to give mono-, di-or triperiodic (denoted 1D, 2D and 3D for convenience) homo-or heterometallic uranyl-containing coordination polymers, [3, 4, 6] the 3D species being of particular interest in the context of the search for cavity-containing structures possibly suited to application as selective photocatalysts. However, the case of ADA 2appeared to be perhaps of greater interest since, apart from 1D and 2D assemblies, [5] [6] [7] this ligand has provided discrete tetranuclear metallatricycles defining an incompletely occupied space when mixtures of NH4 + and either PPh3Me + or PPh4 + are used as counterions. [7] The formation of these [(UO2)4(ADA)6] 4anionic species exploits the variable geometry of ADA 2since two 2:2 rings built from the convergent form of the ligand are assembled together by two additional ligands in their extended, divergent conformation. The counterions probably exert a structure-directing effect, NH4 + being linked to the small 2:2 rings through triple hydrogen bonding, whereas PPh3Me + or PPh4 + face the larger ring. In seeking to further unravel the multiplicity of influences affecting the formation of closed uranyl-polycarboxylate oligomers through comparisons of ADC 2and ADA 2complexes, we investigated the formation of anionic complexes of these ligands in the presence of diverse bulky counterions displaying a range of possible interactions with the anionic complex, PPh3Me + or PPh4 + (in the absence of NH4 + ), [Ni(cyclen)] 2+ (cyclen = 1,4,7,10-tetraazacyclododecane), and [Ni(R,S-Me6cyclam)] 2+ (R,S-Me6cyclam = 7(R),14(S)-5,5,7,12,12,14-hexamethyl-1,4,8,11tetraazacyclotetradecane, meso isomer). A neutral uranyl complex with ADA 2involving DMPU (N,N′-dimethylpropyleneurea) as additional ligand has also been obtained, and all seven complexes have been characterized by their crystal structure and emission spectrum in the solid state.
Results and Discussion
Syntheses All seven complexes were synthesized under solvo-hydrothermal conditions (140 °C, autogenous pressure), with either a single organic cosolvent (DMF for 3, DMPU for 7), or a mixture of organic cosolvents (CH3CN/THF for 1, DMF/THF for 2, and CH3CN/DMF for [4] [5] [6] . The organic cosolvent is retained in the final compound only in the cases of DMPU, which is coordinated to the uranyl cation in complex 7, and of CH3CN in the solvate 5. However, the formate anions present in 5 are presumed to have been generated in situ from DMF hydrolysis. In order to promote the formation of anionic uranyl complexes and thus ensure the incorporation of counterions, the uranium/dicarboxylate ligand ratio in the syntheses of 1-6 was 7:10, and the expected 2:3 ratio in the final compound is found indeed for complexes 2-4, while the ratio is 1:1 in 1 and 5 (with extra nitrato or formato ligands, respectively), and 1:2 in 6. These results provide yet further illustration of the somewhat capricious nature of syntheses involving labile metal ions and depending upon product crystallization, as well as the need to carefully consider the full nature of any reaction mixture and what may happen to its components during the reaction period. It is difficult to know what influence the solvent mixture, regardless of any reactions of its components, may have had upon the nature of the crystalline product species, as these mixtures were developed solely as a means of ensuring rapid initial formation of a homogeneous solution of the reactants.
Crystal Structures
Two complexes were obtained with ADC 2in the presence of phosphonium cations, quadruple phenyl embrace, both the distance and the positioning of the aromatic rings being typical of such interactions; [9] there is an even shorter interlayer PP distance of 7.9618(8) Å, which is not associated with such a well-defined juxtaposition and there is no short contact indicative of significant -stacking interactions. As usual in uranyl carboxylate complexes involving phosphonium counterions, several CHO hydrogen bonding interactions [10] are present, which involve either the methyl group and carboxylate or nitrate oxygen atoms, or aromatic protons and the uranyl oxo atom O1 [CO distances 3.255(5)-3.383(5) Å, C-HO angles 135-164°], and one reason for the presence of nitrate in the structure may be its interaction with the phosphonium methyl group. These interactions appear prominently on the Hirshfeld surface (HS) [11] calculated on the asymmetric unit with CrystalExplorer, [12] the red dots in Figure 1 and could be considered to be associated with one face-to-face interaction between aromatic rings but for the long centroidcentroid distance of 5.032(2) Å, so that the presence of a significant interaction is doubtful. The HS surfaces show only CHO interactions, as usual, and the KPI amounts to 0.66. The most interesting point with this structure is its difference with that of [NH4]2[PPh4]2[(UO2)4(ADA)6], which crystallizes as a discrete, tetranuclear metallatricycle. [7] Both complexes have the same uranyl/ADA 2-2:3 ratio and they differ by replacement of half the PPh4 + cations in 3 by ammonium cations generated in situ from acetonitrile hydrolysis (the synthesis of 3 involving only DMF as organic cosolvent). This points to the essential role of NH4 + cations in the formation of the closed species. More generally, due to its small size and involvement in multiple hydrogen bonding with acceptor groups which are necessarily rather close to one another, this cation appears to be particularly well suited to the formation of closed uranyl carboxylate species, as seen in the last cited complex but also in the cases of tetranuclear clusters [15] and octanuclear cages [16] involving transand cis-1,2-cyclohexanedicarboxylate ligands, respectively, and of tubelike assemblies containing tricarballylate ligands. [17] A paradox, however is that syntheses performed in the presence of ammonium cations added in stoichiometric quantity have invariably failed to produce the same product, and slow generation of the cation through hydrolysis of acetonitrile used as a cosolvent appears, somewhat unexpectedly, to be a more efficient way of introducing it.
The complex [Ni(cyclen)(H2O)][(UO2)2(ADC)3]H2O (4) is another example of a heterometallic uranyl complex with ADC 2-, after several others containing transition metal cations bound to 2,2 -bipyridine and either included in the coordination polymer or present as counterions. [4] While the ligand cyclen has been found, in its tetraprotonated form, as a guest in the remarkable closed octanuclear cluster formed by tetracarboxylatocalix [4] arene with uranyl ion, [18] our attempts to use its metal ion complexes as structure-directing agents in uranyl complex formation have so far met with limited success. The two independent uranium atoms in plane of symmetry (see Experimental Section). Only one disordered water molecule could be refined, so that the composition is that of the intermediate considered to be involved in the conversion of octahedral [Ni(cyclen)(H2O)2] 2+ to square-planar [Ni(cyclen)] 2+ . [19] A possibility would be the coexistence of the two forms, both disordered, but the moderate quality of the data did not allow their separation. Unlike cyclam (1,4,8,11-tetraazacyclotetradecane) cyclen is a ligand which does not adopt preferentially a configuration in which its four nitrogen donor atoms lie in a plane about a metal cation of the first transition metal series, as seen, for example, in the complex [Ni(cyclen)(CH3CO2)]BF4. [20] Hence, the behaviour of its Ni II assembly formed is parallel to (001) and it has the point symbol {4.6 2 }2{4 2 .6 2 .8 2 } and the topological type 3,4L13, previously found in homometallic uranyl ion complexes with 4,4biphenyldicarboxylate, with permutation of the metal and ligand roles. [24] As in complex 5, 1D
uranyl-containing chains are assembled into a 2D network by the bridging Ni II cations, and the packing does not contain significant free spaces (KPI 0.67).
The last complex in this series, [UO2(ADA)(DMPU)] (7), is homometallic and neutral. It is very close to the complex [UO2(ADA)(DMF)] previously reported, [5] and will thus only be briefly coordination polymers, [5] due to a different orientation of the acetate arms. With also an identical coordination mode but shorter substituents, the complexes [UO2(ADC)(H2O)] (different solvates) and [UO2(ADC)(DMF)] crystallize also as simple 1D chains, [3, 4] while a more intricate 1D arrangement is found in [UO2(ADC)(NMP)]. [4] 
Luminescence Properties
The emission spectra of complexes 1-7 in the solid state were recorded at room temperature under excitation at a wavelength of 420 nm, a value suitable for excitation of the uranyl chromophore, [25] and they are shown in Figure 8 . With the exception of complex 6 which is nonluminescent, probably as a result of quenching due to Ni II providing a nonradiative relaxation pathway [26] (a lesser effect being also partially present in compound 5), all complexes give spectra displaying well-resolved emission peaks typical of the vibronic progression corresponding to the S11  S00 and S10  S0 ( = 0-4) electronic transitions. [27] The three complexes 2, 3 and 4, in complexes. [28] The two complexes with five equatorial oxygen donors, 5 and 7, give maxima redshifted by about 10-18 nm with respect to the previous ones, at 492/494, 514/515, 537/539 and 562/564 nm, also in agreement with former observations, [28] and probably a consequence of an increase in donor strength of the equatorial ligands inducing a decrease in uranyl oxo bond order. [29] The case of complex 1 is however peculiar, since, although the uranyl cation has six equatorial oxygen donors, the positions of the maxima, at 492, 513, 535 and 561 nm, are close to those for complexes 5 and 7. This redshift is possibly to be ascribed to replacement of one of the three chelating carboxylate groups present in 2-4 by a chelating nitrate in 1, and it may be noted that the maxima for uranyl nitrate hexahydrate (with two chelating nitrates and two water molecules in the equatorial plane) are at 486, 508, 532 and 557 nm, i.e. redshifted by about 4-9 nm with respect to the positions measured for tris-chelated carboxylate complexes (but still less than the values for 1). However, such an effect was not observed previously in other uranyl carboxylate complexes in which a nitrate anion was retained as a coligand, [22b,30] so that its origin here remains obscure. The solid-state photoluminescence quantum yields (PLQYs) are low ( 1%) for all compounds but 3, for which the moderate value of 5% has been measured. Such values are usual for uranyl carboxylate complexes, [16,22b,31] although in some cases much larger yields were found, [30d,32] comparable to or larger than that of 24% for uranyl nitrate hexahydrate.
Conclusions
We have reported the synthesis, crystal structure and solid-state emission spectrum of seven , and bis-2- 1 O: 1 O′ (bis-bridging). [4] Varying the experimental conditions of the syntheses, in particular the nature of the counterions, allows however some structural variety in the complexes formed. This is particularly true for the more flexible ADA 2ligand, since in ADC 2-, the C-CO2bonds must have a convergent orientation, even if not one that would enable binding of both groups to a single U VI centre, whereas the greater rotational freedom of ADA 2enables orientations of the carboxylate groups much closer to divergent. This does lead to differences between the trough-like polymers but these are not such as to alter its basic form, which has a profile indicating convergence to a closed oligomer form should be possible. While this has not been attained with ADC 2-, it has been found in the tetranuclear metallatricycle with ADA 2previously reported. [7] This closed species is associated with both NH4 + and phosphonium (PPh4 + or PPh3Me + ) cations. While an earlier result had shown that replacement of NH4 + by H2NMe2 + prevented formation of the closed species and gave instead a diperiodic network, [7] the monoperiodic nature of complex 3 demonstrates the inability of PPh4 + cations alone to promote the formation of the discrete tetranuclear species. Both NH4 + and phosphonium cations thus appear to be necessary to the formation of the latter, most probably as a result of their close association with it through weak interactions (particularly multiple NHO hydrogen bonding in the case of ammonium). While this work has shown that the nature of the anionic uranyl ion coordination polymers formed is strongly dependent on the nature of the counterion, there is an interesting possibility that ion exchange reactions of the crystalline solids might result in retention of the anion structure with selective binding to another cation [33] and such a process may merit investigation, though probably by non-solvothermal methods. 
Experimental Section
General: UO2(NO3)2·6H2O (depleted uranium, R. P. Normapur, 99%) was purchased from Prolabo.
1,3-Adamantanedicarboxylic acid (H2ADC) and 1,3-adamantanediacetic acid (H2ADA) were from
Aldrich. [Ni(R,S-Me6cyclam)(NO3)2] was synthesized as previously described. [23] Elemental analyses for compounds 15 and 7 were performed by MEDAC Ltd. at Chobham, UK. A similar analysis could not be conducted for compound 6 due to the low yield of the synthesis. For all syntheses, the mixtures in demineralized water were placed in 10 mL tightly closed glass vessels and heated at 140 °C under autogenous pressure.
Caution! Uranium is a radioactive and chemically toxic element, and uranium-containing samples must be handled with suitable care and protection.
[Ni(cyclen)(NO3)2]: Separate solutions of cyclen (O.17 g, 1.00 mmol) in CH3OH (5 mL) and
[Ni(H2O)6](NO3)2 (0.29 g, 1.00 mmol) in CH3OH (5 mL) were mixed to immediately provide a deep violet solution. Diethylether (10 mL) was added to provide violet crystals of [Ni(cyclen)(NO3)2], and another 10 mL was added after 5 min to give essentially complete precipitation.
[ squares on F 2 with SHELXL [37] using the SHELXle graphical user interface. [38] All non-hydrogen atoms were refined with anisotropic displacement parameters. When present, the hydrogen atoms bound to oxygen or nitrogen atoms were found on difference Fourier maps, except in cases indicated below, and the carbon-bound hydrogen atoms were introduced at calculated positions.
All hydrogen atoms were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom (1.5 for CH3, with optimized geometry). Crystal data and structure refinement parameters are given in Table 1 . The molecular plots were drawn with ORTEP-3 [39] and the polyhedral representations with VESTA. [40] Topological analyses were conducted with ToposPro. [41] Special details are as follows:
Compound 3. Some voids in the structure indicate the presence of water solvent molecules which appear to be highly disordered and could not be modelled properly. Their contribution to the structure factors was taken into account with PLATON/SQUEEZE. [42] Compound 4. The [Ni(cyclen)(H2O)] 2+ moiety is highly disordered over a plane of symmetry. One complete molecule was refined with restraints on bond lengths, angles and displacement parameters, but this part of the structure can only be considered approximate. The hydrogen atoms bound to nitrogen atoms were introduced at calculated positions, and those of the water molecules were neither found, nor introduced.
CCDC-19505091950515 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Luminescence measurements: Emission spectra were recorded on solid samples using a Horiba-Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp, doublegrating excitation and emission monochromators (2.1 nm/mm of dispersion; 1200 grooves/mm) and a TBX-04 single photon-counting detector. The powdered compounds were pressed to the wall of a quartz tube, and the measurements were performed using the right-angle mode. An excitation wavelength of 420 nm, a commonly used point although only part of a broad manifold, was used in all cases and the emission was monitored between 450 and 650 nm. The quantum yield measurements were performed by using a Hamamatsu Quantaurus C11347 absolute photoluminescence quantum yield spectrometer and exciting the samples between 300 and 400 nm. 
